I. INTRODUCTION
The infrared spectrum of water has been the subject of concerted study over many years, both because of its numerous applications and because of the difficulty in analyzing many regions of the spectrum. Generally, states of water with significant bending excitation remain poorly characterized. This is because bending transitions, although at lower energy than the stretches, are also much weaker. In our recent paper (1), henceforth called Paper I, we analyzed emission spectra of water recorded at 1000°C in the 900 -2000 cm Ϫ1 frequency region. Using techniques similar to those described below, we were able to assign 1750 new transitions to bending hot bands. Nineteen of these transitions were assigned to the (050)-(040) band, leading to the first direct detection of the (050) state and a value for the band origin significantly different from the one which had been inferred previously from "dark state" analysis (2) . Paper I extended the now classic work of Flaud, CamyPeyret, and coworkers (3, 4) on the v 2 ϭ 0, 1, 2, 3, and 4 vibrational states of water recorded in flames and the room temperature work of a number of groups (5) (6) (7) (8) . Some more recent work has also been performed in flames (9, 10) .
In this paper, we report a further significant extension of our work on the hot bending bands of water. This is based on new spectra recorded at higher temperatures than in Paper I (1) and over an extended frequency range. Improved methods of analysis have enabled us to assign a much higher proportion of the lines (over 75%) than in Paper I where 40% of the lines were assigned. The result is not only substantial new information on the bending states of water but the observation, for the first time, of many bending hot bands and difference bands.
II. EXPERIMENTAL DETAILS
The line positions were taken from two emission spectra recorded with the Bruker IFS 120 HR Fourier transform spectrometer at the University of Waterloo (11) . For each spectrum, 50 scans were co-added at a spectral resolution of 0.01 cm Ϫ1 . The spectrometer was operated with a KBr beamsplitter and a KRS-5 window on the emission port. The water vapor was heated in the center of a 1-m long, 5-cm diameter alumina tube. The water-cooled ends of the tube were sealed with KRS-5 windows. A slow flow of water vapor was maintained through the tube at a pressure of about 6 Torr. The thermal emission from the center of the tube was focused into the spectrometer with an off-axis parabolic mirror. In the first experiment, a HgCdTe detector and a 2900 cm Ϫ1 cut-off filter was used. The furnace temperature was 1500°C. Lines were measured from 800 -1900 cm Ϫ1 , although the data extended up to the filter cutoff. The higher wavenumber part of the 2 band was taken from another spectrum that used an InSb detector. In this case, the furnace had a temperature of 1500°C and a 4000 cm Ϫ1 cutoff filter was used. Lines were measured from 1800 -2500 cm Ϫ1 . In this way, the entire 2 region (930 -2500 cm
Ϫ1
) of hot water could be covered with a good signal-to-noise ratio. The absolute accuracy of line positions is estimated to be 0.001 cm Ϫ1 for the strong, unblended lines.
The results of these measurements are given in a table   3 which has been placed in the electronic archive. Included in this table is information about the (relative) intensity of the individual transitions. It should be noted that the relative intensities are different between the two experiments and therefore, intensities given below and above 1800 cm Ϫ1 are not strictly comparable. The archived table lists 8959 transition frequencies, nearly all of which involve "hot" states of water. This is because transitions involving low-lying states of water appear in the spectrum as doublets due to self-absorption by cooler water at the ends of the cell, in the atmosphere, etc.
No attempt was made to analyze these artifact doublets which have been removed from the list.
III. ANALYSIS
We used two basic procedures to analyze the spectrum. The first involved making so-called trivial assignments. These assignments are for transitions which link energy levels of water known from previous experimental studies. For this purpose, we used tabulated energy levels developed by Flaud et al. (3, 12, 13) , Toth (7, 8) , and our own work (1, 14, 15) . Furthermore, assignments made using the linelist procedure discussed below led to the determination of new water energy levels which usually allowed further trivial assignments to be made. These assignments yield more than standard combination difference procedures because the spectrum contains a number of bands involving any particular state. For example, besides pure rotational transitions within the (030) state, for which a few lines were found near the low-frequency limit of the spectrum, transitions were also assigned to six other bands involving (030), namely (030)-(020), (030)-(100), (030)-(001), (040)-(030), (120)-(030), and (021)-(030). For transitions which could not be assigned trivially, two linelists computed using highaccuracy, variational nuclear motion calculations were used: PS and ZVPT. The PS linelist was computed by Partridge and Schwenke (17) using a spectroscopically refined effective potential energy surface. The ZVPT linelist was computed using PS's unadjusted ab initio potential plus explicit allowance for the failure of the Born-Oppenheimer approximation. Details of the ZVPT linelist can be found elsewhere (18) , as can detailed comparisons between the performance of the two linelists (15, 18, 19) . To summarize, the main practical difference is that the PS linelist is significantly more accurate in absolute terms, particularly for low-J states, but that ZVPT gives much smoother behavior when transitions are analyzed along a particular branch. We find that using both linelists together gave the most reliable results and that in most cases assignments could be confirmed by the presence of trivial transitions, as described above. In this fashion we were able to assign 6810 2 16 O in the frequency range of our spectra. Of these, 1996 were hot enough to appear in our spectrum. Similarly, of the 1607 lines assigned in Paper I, 258 lines not in HITRAN appear in the spectra (1). Table 1 presents the 2287 lines assigned to (0n0)-(0n-10), and which appear neither in HITRAN or Paper I. A similar number of newly assigned lines, 2279, were assigned to other vibrational bands. For space reasons, these are only given as part of our full data which are obtainable from the electronic archive.
There is an overlap between the low frequency region of the spectrum and the sunspot spectrum recorded by Wallace et al. (22) . Seventy-nine of our lines were found to have been assigned previously in the sunspot (15, 16) . However, the frequencies measured here are significantly more accurate than those obtained in sunspots. One of the notable features of our assignments is the large number of different vibrational bands involved. The original objective of this work was to analyze hot bending transitions of the type (0n0)-(0n-10). This objective has been achieved and bending hot bands up to 6 2 have been assigned. Indeed, in the cooler spectrum analyzed in Paper I (1), we were able to assign 19 transitions in the (050)-(040) band. Here we assign 130 further transitions in this band and 34 to (060)-(050). This allows us to refine our estimate of the 5 2 band origin to 7542.40 Ϯ 0.03 cm Ϫ1 , compatible with, but more accurate than, the one obtained in Paper I. We also obtain a new estimate for the 6 2 band origin of 8870.54 Ϯ 0.05 cm Ϫ1 . As we have yet to assign transitions involving the 0 00 rotational level of either 5 2 or 6 2 , these estimates were obtained by correcting predictions made by the linelists for any systematic errors found in the higher states. The PS linelist was used for this purpose because the errors for this linelist are smaller. Our value for the 6 2 band origin is 20 cm Ϫ1 lower than the (unattributed) HITRAN value of 8890 cm Ϫ1 (20) . Table 2 gives a summary of the number of lines newly assigned to each band.
One feature shown in Table 2 is the first observation of a number of hot bands of the general form (n 1 n 2 n 3 )-(n 1 n 2 -1n 3 ). While transitions of this type are not unexpected in a spectrum of hot water, more surprising are the many difference bands observed. Table 2 shows that we have assigned transitions to no less than 14 distinct difference bands. The number of transitions assigned to individual difference bands varies from 1 for (031)-(040), to 305 for (011)-(020); however, we are confident of these assignments because they are "trivial" and rely on known energy levels. Indeed, many of the frequencies could have been predicted from previous studies and the only new information that we obtain is some indication of the relative intensity.
There have been limited previous observations of difference bands in water. Toth (23) observed (100)- (010) and (001)-(010) at room temperature. Wallace and Livingston (24) assigned 24 lines in the frequency range 2400 -2620 cm Ϫ1 in TABLE 1 their sunspot spectrum to (001)-(010) using trivial assignments. In previous work, we assigned rotational difference bands corresponding to the (020)- (100) and (100)- (020) transitions in among the pure rotational lines (25) . These transitions arose from intensity stealing between nearby levels, and the assignments could be confirmed using combinational differences. Subsequent analysis (16, 25) also revealed rotational difference transitions belonging to (030)-(110). The difference bands assigned here do not appear to arise from any particular intensity stealing interactions but are simply weak bands that the experiment is sensitive enough to detect.
In comparing our newly assigned transitions with those given in HITRAN92 (20) and HITRAN96 (21), a number of differences were detected. Table 3 presents 53 transitions in which our results differ in frequency by at least 0.02 cm Ϫ1 from those given by HITRAN96. It is likely that these lines were computed for the HITRAN database rather than measured. For water, the only difference between HITRAN92 and HITRAN96 is that some of the water transition frequencies computed for HITRAN92 were replaced by measured frequencies in HITRAN96. Fourteen of these transitions were observed in the present experiments and in each case were found to be within 0.02 cm Ϫ1 of the HITRAN96 value. In performing the present analysis, we found six mistakes in our previous assignments. One of these errors, the transition previously assigned at 1415.879 cm Ϫ1 was typographical and the other five were misassignments. The corrected results are presented in Table 4 and new assignments of the original features are given in Table 1 , except for the line at 1101.449 cm Ϫ1 , which was not observed in the present experiments. All these new assignments are trivial.
The many new assignments given here can be used to extend the standard tables of observed energy levels which, in turn, can be used to make further assignments in other spectral regions. Our new assignments give direct information on 63 levels for (050) and 27 for (060). We have combined the new data given here with that obtained by us at other wavelengths, in particular, at room temperature in the near infrared (26) and in sunspots in the 2-m region (19) . These tables extend the known levels up to K a ϭ 30 and contain levels for J up to 33 for (010), up to K a ϭ 29 and J ϭ 30 for (020), up to K a ϭ 27 and J ϭ 28 for (030), up to K a ϭ 8 and J ϭ 18 for (040), up to K a ϭ 7 and J ϭ 16 for (050), and up to K a ϭ 5 and J ϭ 14 for (060). Full results will be given elsewhere (18) . We present new laboratory emission spectra for water obtained at 1500°C. Assignment of the majority of the transitions in these spectra show that they are due to at least 34 separate vibrational bands, including bending hot band transitions and 14 distinct difference bands. We expect this data to be useful for modeling the transmission of radiation through hot steam. An important new feature of this work is the large number of difference bands observed. These bands have not been featured in previous compilations of experimental data. 
